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Abstract 
Parabolic trough solar thermal power generation system has long distance transfer pipes for the heat transfer fluid (HTF), causing 
large heat losses, and which requires a lot of energy for thermal protection. To improve piping insulation effect and reduce the 
heat losses, Hubei Salnner Vacuum Science & Technology Co., Ltd has designed and developed a suitable vacuum transfer tube 
for the HTF of solar thermal power generation system, which can reduce heat losses effectively. Taking the vacuum transfer tube 
as the object, this paper established the heat loss model of the vacuum transfer tube, and also proposed the model of the time 
sample under the unit’s operating conditions according to the actual weather conditions in typical years of a 50MW parabolic 
trough solar thermal power plant construction site. On above basis, according to the structure of the power plant system and the 
operating conditions, this paper took intensive research on the cost and economy of the parabolic trough solar thermal power 
generation system which uses the vacuum transfer tube, and the results showed that vacuum transfer tube for convering working 
medium of CSP has good economical benefits. 
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1. Introduction 
Solar thermal power generation is an important way to solve the energy shortage, environmental pollution, the 
greenhouse effect etc. in the 21st century [1]. In recent years, it developed rapidly in Europe and America. By the end 
of 2012, the global cumulative installed capacity of solar thermal power was 2553MW [2]. In the period of the 12th 
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Five-Year, China will select some suitable locations for the constructions of demonstrative solar thermal power 
plants in Gansu, Ningxia, Xinjiang, Inner Mongolia, which is clearly stated in the 12th Five-Year Plan of China 
National Hi-Tech R&D [3]. 
Parabolic trough solar thermal power generation system has long distance transfer pipes. For example the length 
of the connecting pipes between the solar collector assemblies is about 6000m, and the length of the header pipes is 
about 10000m in the 50MWe plant [4]. The long distance transfer tubes cause large heat losses, and require a lot of 
energy for thermal protection. Currently, in order to reduce heat losses, the power plant commonly adopt the way of 
using insulation wool to wrap outside the pipes [5]. To improve piping insulation effect and reduce the heat losses, 
Hubei Salnner Vacuum Science & Technology Co., Ltd has designed and developed a suitable vacuum transfer tube 
for the HTF of CSP (Figure 1). The pipe is composed of inner and outside tubes, multilayer vacuum structure in the 
middle, and has the characteristics of reducing heat conduction and convection. The pipe is also equipped with 
multilayer radiation protection material and structure. Its comprehensive performance is stable, and can improve the 
insulation effect and reduce the heat losses. It will play an important role to improve the integrated efficiency of the 
solar thermal power generation system. The structure is shown in Figure 2: 
 
 
Fig.1 The vacuum transfer tube     
 
Fig.2 The structure of the vacuum transfer tube 
2. 50MW parabolic trough solar thermal power generation system 
2.1. The solar field layout of the 50MWe plant 
The solar field layout of the 50MWe plant is shown in the figure 3 [4]: 
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Fig.3 The solar field layout of the 50MWe plant 
The plant is composed by 156 loops, the collector is placed north-south, each loop has four solar collector 
assemblies (SCA), and the length of each SCA is 144 m. The vacuum heat collection element (HCE) chooses Schott 
2008 PTR70. 
The distance of a row-to-row is 18 m, and the length of connecting pipe between two adjacent SCA is 1 m. The 
connecting pipe between inlet/outlet HCEs and the header pipe is 14.5 m long. The inner diameter and outside 
diameter of connection pipe are respectively 66mm and 70mm. The thickness of the rock wool is 120 mm. 
The vacuum transfer tube with the thickness of  17.4 mm is used instead of the rock wool in this work. 
The header pipe is divided into cold header pipe and hot header pipe. The header piping field layout of the 
50MWe parabolic trough plant is H-type. The header pipe sizes change along the flow path to approximately 
maintain the design flow velocity. Cold fluid is distributed from the cold header to solar fields on each side of the 
header, passing through a series of SCAs arranged in a row, crossing over at the end to an adjacent row, and 
returning to the hot header via a symmetrical set of SCAs. Therefore the cold header piping diameters can be 
reduced along the header length, and the hot header piping diameters can be increased along the header length, 
reducing costs and maintaining the appropriate velocity [6]. Actually, the number of different diameters is limited to 
three or four, owing to constructive complexities [7]. The number of cold and hot header pipe with different diameters 
is respectively four in this paper (figure 3), and the sizes are as Table1: 
 
Table1. Header piping system for 50MW plant 









A 720 20 195 20.9 104 
B 646 18 190 20.9 1720 
C 430 12 180 20.9 3848 
D 270 8 160 20.9 3636 
Notes: 1) Total length: includes allowances for expansion loops  
2) Total length: the sum of cold header pipe length and hot header pipe length 
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2.2. time sample model under operating conditions of 50MWe parabolic trough plant 
Based on the actual weather conditions in typical years of a 50MWe parabolic trough plant construction site, the 
time sample model of solar field under operating conditions is established, as shown in table 2. The geographical 
data for the site are : east longitude 106q 55c-109q 16c,and north latitude 39q 22c-40q 52c. 
Table 2.The time sample model of solar field under operating conditions in 50MWe parabolic trough plant 
Month Ambient temperature(ć) Wind speed˄m/s˅ Cloudy days  The period of time with solar resource(h) 
daytime nighttime daytime nighttime The period with 
solar resource 
during daytime  
The period without 
solar resource during 
nighttime and cloudy 
days 
1 -7.13 -12.91 5.25 3.81 2(continuous 2 cloudy days) 178 566 
2 -0.87 -10.09 5.66 4.40 3(continuous 2 cloudy days) 182.7 489.3 
3 6.29 -0.97 5.43 4.55 3(continuous 2 cloudy days) 216.5 527.5 
4 16.28 8.70 5.27 4.31 4(continuous 2 cloudy days) 247.3 472.7 
5 20.74 15.00 4.79 4.73 2 309.2 434.8 
6 25.56 20.36 4.19 4.53 0 291.3 428.7 
7 29.15 22.55 5.17 4.45 2 263.5 480.5 
8 26.82 19.38 4.58 4.16 4 260 484 
9 24.28 13.14 4.46 4.12 6(continuous 3 cloudy days) 196.7 523.3 
10 14.93 6.39 5.45 4.05 1 252.3 491.7 
11 6.69 -2.05 6.98 5.08 0 218 502 
12 -4.60 -10.04 5.17 3.89 1 237.33 506.67 
3. The heat loss model of transfer tube 
Figure 4 shows one cross section of the transfer tube: 
 
Fig.4.One cross section of the transfer tube 
The convection heat loss from the transfer tube to the ambient per unit length is
  
 
    3 ( )p P HTF aq U D T TS                                                                                                                                       ˄1˅ 
Where pq is the convection heat loss from the transfer tube to the ambient per unit length, PU  is the total 
convection heat transfer coefficient, 3D  is the diameter of the vacuum transfer outer tube or the outside wrapped 
rock wool, HTFT  is the  HTF temperature , aT  is the  ambient temperature. 
The wall thickness of the vacuum tube’s inner tube and outside tube is ignored, so does the thickness of the 
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galvanized iron sheet which is wrapped outside rock wool. So the total convection heat transfer coefficient is˖












D h k k h
  
                                                                                ˄2˅ 
Where D1 is the inner diameter of transfer tube, 2D  is the outside diameter of transfer tube, pk  is the thermal 
conductance of the transfer tube, ik  is the equivalent thermal conductance of the vacuum layer or thermal 
conductance of rock wool, HTFh  is the HTF convection heat transfer coefficient, ah  is the air convection heat 
transfer coefficient. 
The thermal conductance of rock wool is calculated by 
=0.044 0.00018i mk  ˄T -70  ˅                                                                                                                     ˄3˅ 
Where mT is the average temperature of outside and inner rock wool surface temperature. 
The equivalent thermal conductance of the vacuum layer is measured by the experiments, from 0.0017 
(temperature of the HTF 393 ć) to 0.001(temperature of the HTF is 60 ć).                                                               
4. Calculation of solar field heat losses  
The heat losses of solar field consist of three parts: the receiver heat losses, the connection piping heat losses and 
the header piping heat losses. 
4.1. Calculation of heat losses during the days 
During daylight hours, the turbine start-up periods are negligible. Then the HTF temperature at the loop inlet and 
outlet are respectively 293ć and 393ć. So the average HTF temperature at the loop is 343ć. Without considering 
temperature drop in header piping, the HTF temperature in the cold header and hot header are respectively 293ć 







Q q L t
 
 
¦                                                                                                                                               (4) 
Where iq  is average heat loss per length, iL  is the transfer tube length, t is the operating time. 
Subscript i denote respectively receiver tube, connection pipe and header pipe. 
4.2. Calculation of heat losses during the night 
 During night, there is no solar resource. The HTF is circulated through the solar field at 1 kg/s per loop by means 
of the circulation pumps. If the HTF temperature at the loop falls below 60ć, the freeze-protection system for HTF 
is activated and functions until it reaches 100ć[8]. The freeze-protection system is implemented by considering the 
thermal power provided by the auxiliary gas boiler. If the HTF temperature at the loop falls below 85ć, the 
auxiliary boiler is needed to warm up HTF. The auxiliary boiler uses natural gas boiler. The efficiency of boiler is 
90%. The heat value of gas is 35.16MJ/m3,and the price is̞ 2.28/ m3. 
At the initial moment, the HTF temperature in transfer tubes is 343ć. By assuming a constant temperature in 
tubes during a time interval t' , it can simplify the problem. The average receiver heat losses per length abq , average 
connection piping heat losses per length connq and average header piping heat losses per length pq  are calculated 
from the HTF temperature. Hence, the solar field heat losses during a time interval t'  are given by the following 
equation:  
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(5) 
The HTF temperature at the end of a time interval t'  is calculated by the following equation: 
2 1= - i
QT T
m c
                                                                                                                               (6) 
Where 
m  = total oil quantity of 50MW parabolic trough solar thermal power plant (kg); 
After calculation, the total amount of oil is 1400 tons. 
Then the HTF temperature of next time interval is 2T , and repeat above steps until the entire night-periods are 
simulated. At last, the solar field heat losses during night are given by superimposing on the every heat losses 
iQ during time interval. 
4.3. Calculation of heat losses during the cloudy days 
Assuming HTF in loops doesn’t absorb concentrated solar radiation during cloudy days,  the freeze-protection 
system for HTF is activated once the HTF temperature falls below 60ćand shut down until it reaches 100ć.When 
starting the freeze-protection system once, the volume of gas needed is 3086.3m3 and the price is ̞7 thousand. And 
when starting boiler once, the additional cost is ̞20 thousand. If the plant needs boiler to provide thermal power, 
the difference of gas volume is considered. If the plant doesn’t need boiler to provide thermal power, the difference 
of heat losses is considered. 
4.4. Calculation results 
The solar field heat losses per month of plant which uses vacuum transfer tube and conventional transfer tube 
respectively are as follows in Table3: 
Table3 solar field heat losses of 50MW parabolic trough solar thermal power plant  































1 8944 10097 12986 14482 NO  YES  
2 9146 10309 10769 12003 NO 221 YES 239. 
3 10783 12132 11816 13134 NO 223 YES 240 
4 12225 13719 10191 11305 NO 470 YES 509 
5 15224 17065 10769 11934 NO 491 NO 529 
6 14277 15983 11559 12779     
7 12886 14415 11440 12634 NO 454 NO 491 
8 12734 14252 10445 11550 NO 933 NO 1007 
9 9678 10846 9859 10913 YES 665 YES(twice) 718 
10 12487 14018 12289 13632 NO 225 NO 244 
11 10864 12224 12874 14313     
12 9943 11217 13218 14726 NO 215 NO 233 
Notes: Using vacuum transfer tube: the solar thermal power plant which use the vacuum transfer tubes  
           Using conventional transfer tube: the solar thermal power plant which use conventional transfer tubes 
            Q = the solar field heat losses of 50MW parabolic trough power plant (GJ) 
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During the days, nights and cloudy days in one year, the solar field heat losses of plant which uses vacuum 
transfer tube are less than the plant which uses conventional transfer tube. If the heat is used to generate electricity, 
this will bring huge economical benefits. The  less heat losses, more electricity and the economical benefits causing 
by vacuum transfer tubes are calculated in table4. And besides, during the cloudy days, the plant which use 
conventional transfer tube needs to start-up boiler five times more, and the cost of gas and additional is totally 
̞135thousand.( The efficiency of heat exchanger is 92.2%, and the efficiency of steam turbine-generator unit is 
37%,and the price of solar thermal power is ̞0.9399per KW-h ) 
 
Table4.Economic analysis of vacuum transfer tubes 




the price of more 
electricity(̞) 
the less additional price of 
auxiliary boiler(̞) 
the more economic benefits causing 
by vacuum transfer tubes(̞) 
Days 17086 1619×103 1522×103  3038×103 
Nights 15190 1439×103 1353×103  
Cloudy days 313 30×103 28×103 135×103 
5. Comparison of cost 
5.1. Cost of rock wool 
The material cost, labor cost and galvanized iron cost are as follows inTable5: 
Table5.The cost of rock wool 
Material Cost(̞/ m3) Labor Cost(̞/ m3) Galvanized iron Cost(̞/ m2) 
635 669 24 
 
After calculation, the cost of the rock wool to wrap outside of the transfer tubes is ̞5146thousand. 
5.2. Cost of vacuum transfer tubes 
Considering the material cost, material utilization and labor cost, etc, the cost of vacuum transfer tubes per meter 
is as follows inTable6: 
Table6.The cost of vacuum transfer tube  






70 291.97 5694 1663×103 
270 966.05 3636 3513×103 
430 1541.34 3848 5931×103 
646 2249.38 1720 3869×103 
720 2493.11 104 259×103 
After calculation, the cost of the vacuum transfer tubes is ̞15235thousand. 
5.3. Payback period of the incremental cost 
The cost of vacuum transfer tubes is more than the conventional transfer tubes by ̞10089 thousand. In one year, 
the plant which uses the vacuum transfer tube can generate more electricity and need less gas, and the equivalent 
economical benefits are ̞3038 thousand. So, comparing to the conventional transfer tube, the payback period of 
the incremental cost of vacuum transfer tube is 3.3 years (10089/3038=3.3).   
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6. Conclusions 
The vacuum transfer tube has good insulation properties. It can significantly reduce the heat losses of conveying 
the high temperature HTF in CSP, especially in favor of the HTF insulation at nights and cloudy days, and reduce 
the energy use of piping thermal protection. Through comparing the heat losses and cost of vacuum transfer tube 
and the conventional transfer tube, it indicates that the vacuum transfer tubes have good economical benefits for 
conveying working medium of CSP. Specific information is as follows: 
1) During the full-operation of daylight hours in one year, the heat losses of plant which uses vacuum transfer 
tube are less than the plant which uses conventional transfer tube by 17086GJ, and the equivalent benefits are
̞1522 thousand . 
2) During the night-time periods in one year, the heat losses of plant which uses vacuum transfer tube are less 
than the plant which uses conventional transfer tube by 15190GJ, and the equivalent benefits are ̞1353 thousand . 
3) During the cloudy days in one year, the heat losses of plant which uses vacuum transfer tube are less than the 
plant which uses conventional transfer tube by 313GJ, and the gas volume of the former plant is less than the latter 
plant by15432 m3. The equivalent benefits are̞163thousand. 
The cost of vacuum transfer tubes is higher than the conventional transfer tubes. However, considering the 
economical benefits bringing by the vacuum transfer tubes, the payback period of the incremental cost is about 3.3 
years.  Furthermore, comparing with the conventional transfer tube, the vacuum transfer tube has the advantage of 
small space occupation, convenient installation, efficiency, easy maintenance, convenient replacement, long life, 
corrosion resistance, etc. and the vacuum transfer tube can be reused after repairing. In addition, the vacuum transfer 
tube eliminates the use of the ceramic wool and glass fiber, without any health threat on the staff.  
In summary, the vacuum transfer tubes can be applied in parabolic trough system, tower system, dish system and 
Fresnel system of CSP, and it is the future direction of development. 
 
Acknowledgements 
We would like to thank Hubei Salnner Vacuum Science &Technology Co., Ltd, North China Electricity Power 
University, and Institute of Electrical Engineering Chinese Academy of Science. It was only possible to achieve 
these results in a rather short period of time due to the immense support from all of the above mentioned units.  
Appendix AˊThe heat loss model of HCE[9,10] 
By ignoring the absorber tube and the glass envelope wall thickness, and ignoring the conduction of the absorber 
tube and the glass envelope, the energy conservation equations are as follows: 
( ) ( )Heatloss ab g g aq q q                                                                                                                              (1) 
  ( ) ,( ) ,( )=ab g conv ab g rad ab gq q q                                                                                                                            (2) 
( ) ,( ) ,( )g a conv g a rad g sq q q                                                                                                                          (3) 
Where Heatlossq is the heat losses of the absorber tube; ( )ab gq   is the heat exchange between the absorber tube and 
the glass envelope, including the radiation between the absorber tube and the glass envelope ,( )rad ab gq   and the 
convection of residual gas ,( )conv ab gq   . ( )g aq  is the heat exchange between the glass envelope and ambient and sky, 
including convection ,( )conv g aq   and radiation ,( )rad g aq   from the glass envelope to the ambient and sky. 
The convection between the absorber pipe and HTF is ignored in this paper, and the difference of temperature 
between the absorber pipe and HTF is ignored. 
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A.1. The heat exchange between the absorber tube and the glass envelope 
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                                                                                                           (4) 
Where ,ab outD is the outside diameter of the absorber tube, ,g inD  is the inner diameter of the glass envelope, gT  
is the temperature of the absorber tube, abH is the outside wall emittance of the absorber tube, gH  is the inner wall 
emittance of the glass envelope, V is the Stefan-Boltzmann constant. 
Convection between the absorber tube and the glass envelope: 
,( ) , ,( )= ( )conv ab g ab out c ab g ab gq D h T TS                                                                                                           (5) 
With the vacuum tube between the absorber tube and the glass envelope: 
For the vacuum tube between the absorber tube and the glass envelope, the convection can be ignored. 
A.2. The heat exchange between  the glass envelope and ambient 
Convection between the glass envelope and ambient: 
,( ) , ,( )= ( )conv g a g out c g a g aq D h T TS                                                                                                                     (6) 
Where ,( )c g ah   is the convection heat transfer coefficient between the glass envelope and ambient, ,g outD  is the 
the outside diameter of the glass envelope, aT  is the ambient temperature.  
Radiation from the glass envelope to the sky:  
4 4
,( ) ,= ( )rad g s g out g g sq D T TVS H                                                                                                                           (7) 
8s aT T                                                                                                                                                            (8) 
Where 
 s
T  is  the sky temperature. 
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